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Abstract 

The dependence of the differential cross section and polarization observables in the N + N ^ 
TT + + reaction on the polarizations of the proton target and antiproton beam (the produced 
electron may be unpolarized or longitudinally polarized) have been derived in a general form using 



> 
(N 

p 

. hadron electromagnetic current conservation and P— invariance of the hadron electromagnetic 

O ■ 

I interaction. The analysis was done for the case of an exclusive experimental setup where the 

produced electron and pion are detected in coincidence. The explicit dependence of all polarization 
^ ■ observables on two, from five, kinematic variables (the azimuthal angle ip and the virtual-photon 

- - - parameter e), have been obtained assuming one-photon-exchange. The application to the particular 

case of a mechanism which contains information on time-like proton form factors in the unphysical 
region is considered in the Born approximation. 
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I. INTRODUCTION 



Renewed interest in the reactions induced by antiprotons is related to the possibihty to 



accelerate high intensity antiproton beams up to 15 GeV/c momentum at the 



AIR facility 
1 

2| is focused 



The wide program foreseen at this facility by the PANDA collaboration 
on strong interaction and includes charmonium spectroscopy, hybrids, glueballs, and charm 
in nuclei (for a review, see jsl). Moreover, the selection in the final state of a pair of leptons 
accompanied by a pion will allow to study aspects of the electromagnetic interaction. In 
particular, it allows to access electromagnetic proton form factors in the so-called 'unphysical 
region'. Assuming the dominance of t and u channel exchange diagrams j4|, the emission 
of a pion by the proton or the antiproton lowers the momentum squared (g^) of a virtual 
photon which subsequently decays into a lepton pair. This mechanism allows to reach 
values under the 4M^ threshold (M is the proton mass) in the time-like region of transferred 
momenta. 



This idea was firstly suggested by M.P. Rekalo, using the crossing symmetry related 



reaction vr+A^ — )■ N+e~ +e~^ 5|,|6|]. Pion scattering on nucleon and nuclei will be investigated 
in the resonance region by the HADES collaboration with the pion beam available at GSI 
(Darmstadt) in the next future [t]. The third reaction related by crossing symmetry to the 
previous ones is the pion electroproduction on proton, which has been widely investigated in 
semi- inclusive and exclusive polarized and unpolarized experiments, in different kinematical 
regions. 



In this paper we extend our previous analysis [8| for the case of exclusive measurements, 
in an experimental setup where all final particles are detected. The five-fold differential 
cross section is derived in unpolarized and polarized case. Different polarization phenomena 
are considered with polarized or unpolarized beam and target, when the polarization of the 
scattered electron is measured. The expressions of the observables are given in terms of the 
six independent amplitudes (in general complex functions of three kinematical variables) 
which fully describe the considered reactions in the one-photon exchange approximation. A 



numerical application is done for the model suggested in Ref. 



II. GENERAL FORMALISM 



A. General expression of the cross section 

The general structure of the differential cross section for the reaction: 

p(Pi)+pM^7* + vr°^£+(A;2)+r(A;i) + 7r°(g^), £ = e,/i, r (1) 

is considered in the frame of one-photon-exchange mechanism, and applied to the case of 
electrons, neglecting the lepton mass. 

In this section, the formalism is based on the most general symmetry properties of 
the hadron electromagnetic interaction, such as gauge invariance (the conservation of the 
hadronic and leptonic electromagnetic currents), P-invariance (invariance with respect to 
space reflections) and does not depend on the details of the reaction mechanism. 

Let us consider the reaction p + p — ?> 7* + vr" where 7* is a virtual photon. In the 
one-photon-exchange approximation, the matrix element of the reaction ([1]) in terms of the 
hadronic and leptonic currents can be written as 

= ^-^mJa^' (2) 

where q = ki + k2 is the virtual photon four-momentum, is the electromagnetic current 
describing the transition p + p — )■ 7r° + 7*, = u{—k2)'y^u{ki) describes the decay 7*(g) — )■ 
e+(fc2) + e-(fci). 

The modulus squared of the matrix element can be written as the contraction of the 
hadronic if^y and leptonic tensors: 

\M\^ = ^^H^,L^,, (3) 

with 

Hf^i^ = J^Jj^, L^y — ifj.iu- (4) 

The most convenient system for the analysis of the spin structure of the matrix element is 
the antiproton-proton center-of-mass system (CMS). 

To derive polarization observables it is necessary to define a particular reference frame. 
We choose a reference frame with the z axis directed along the momentum of the virtual 
photon /c, the momentum of the antiproton beam p lies in the xz plane. The y axis is normal 
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to the p + p — )■ 7r° + 7* reaction plane and it is directed along the vector k x p; x, y, and z 
form a right-handed coordinate system. 

In this system, the components of the particle four-momenta for the reaction p + p ^ 

7r° + 7* are 

Pi = iE,p}, p2 = {E, -p), q = {ko, k), = {E^, -k). (5) 

The general expression for the differential cross section of the reaction considered has a 
standard form 

LnvHav d^kicPk2d^q-K ^(4\, , , , \ fc\ 

= W?^^2E;2E22e/ +V^-h-h- g.), (6) 

where P = {pi ■ p^)^ — M^, M is the nucleon mass, EiiE-i) is the energy of the electron 
(positron) and Et^ is the pion energy. 

Integrating the expression ([6]) over the positron variables and over the electron energy, 
with the help of 5— function, we obtain the following form for the differential cross section 
(hereafter we neglect the electron mass) 



dE^dVt^dVte 647r3 pW ka-\k\ cos^i 



(7) 



where W = 2E is the total energy of the final particles, p = \/W^ — is the modulus 

of the three- momentum of the proton or antiproton in the reaction CMS, Ei is the energy of 
the electron, 6i is the angle between the momenta of the virtual photon and of the detected 
electron, ko = 2E — E^^ and \k\ = ^JE"^ — are the energy and the momentum of the 
virtual photon, and is the pion mass. The electron energy in the reaction CMS is 
Ex = gV2(fco - \k\ cos^i), with q^ = AE^ - AEE^ + ml. 
The leptonic tensor, when the electron is unpolarized, is: 

V(0) = -2g^^/.i. + Kki^k2y + kiMf,). (8) 

The longitudinal polarization of the electron induces a term in the leptonic tensor which has 
the form 

Lf,^{s) = 2iX < iiuqki >, (9) 

where < nvah >= e^,yp„apb„, and A is the degree of the longitudinal polarization of the 
electron. We use the convention e^yzo = 1- 



Taking into account the conservation of the hadronic and leptonic currents, we can 
remove the time components of the hadronic and leptonic tensors and obtain: 







L^l^H^ly —(^Lj-X ~\~ Lyy^i^H XX ~l~ ^ w) ~^ '^{.'^ XX L/yy)(^HxX ^ w) ~^ j^, 

1 1 

-{Lxy + Lyx){Hxy + Hyx) + -{Lxy " Lyx){Hxy " Hyx) + 

T^T^i-^xz + Lzx){Hxz + Hzx) + T^T^i-^xz ~ Lzx){Hxz ~ Hzx) + 
^/Cq 

T^iLyz + Lzy){Hyz + Hzy) + T^iLyz " Lzy){Hyz " H zy) ■ (lO) 

Let us express the components of the leptonic tensor in terms of measured quantities. The 
following relations, which can be derived from the energy and momentum conservation in 
our coordinate system, hold: 

kix = El sin 9i cos ip, kiy = Ei sin 6i sin y?, kiz = Ei cos 6i, 

k2x = —kix, k2y = —kiy, k2z = \k\ — kiz, (11) 

where cp is the azimuthal angle of the electron momentum, i.e., the angle between the xz 
plane and the electron-positron pair production plane which is determined by the momenta 
of the virtual photon and detected electron. 

Then the general structure of the differential cross section for the reaction ([1]) for the case 
when produced electron and the pion are detected in coincidence and the detected electron 
is longitudinally polarized (the polarization states of the proton target and antiproton beam 
can be any) has the form 



N ^Hxx + Hyy + e cos 2^{Hyy - Hxx) + 26f^Hzz — e sin 2(p[Hxy + Hyx) — 



v Q'^ / v Q'^ / 

V2e{l - e)T] cos ip{Hxz + Hzx) - —, — V2£^(l - e)7]sm.ip{Hyz + H, 



ko 



iX^ ^2e{l + e) sin ^{Hxz - Hz 
ko 



,2 



^/2£{T+l) cos Lp{Hyz - Hzy) + iX^/Y^^e^r]{Hxy - Hyx)}, 

327r3g4 pW 1 + e' ^ ^ 

where rj = sign{Ei — E2). Taking into account that Ei — E2 = |fc|(/co cos6'i — |A;|)/(A;o — 
\k\ cos6'i) and ko — \k\ cos^i > since ko > \k\ due to > 0, we have rj = sign{ko cos 9i — \k\). 



We introduced the corresponding parameter e (as it was done in the lepton-hadron scattering 
processes (see for example [ol) 

= 2ElsinW^ ~ ^" ^^^^ 
Let us do the following remarks on the expression (fT2l) for the differential cross section: 

• Its form is not related to a particular reaction mechanism. It is a consequence of a 
one-photon-exchange mechanism and of the P-invariance of the hadron electromagnetic 
interaction. 

• Its general nature is due to the fact that its derivation requires only the hadron elec- 
tromagnetic current conservation and the fact that the photon has spin one. 

• As >> 4mg (mg is the electron mass), the components of the leptonic tensor are 
calculated in the limit of zero electron mass. 

• It holds for the case of the longitudinally polarized electron and arbitrary polarization 
of the antiproton beam and proton target. 

• The dependence of the differential cross section on two kinematical variables, which do 
not characterize the mechanism of the p -|- p — ?■ 7r° + 7* reaction, (the angle between 
hadron reaction plane and lepton pair production plane) and parameter e is explicitly 
singled out. 

• All information about the p -|- j9 — 7r° -|- 7* reaction mechanism is contained in the 
components of the hadronic tensor Hij. 



B. The matrix element 



The electromagnetic structure of hadrons, as probed by elastic and inelastic electron scat- 
tering, can be characterized by a set of structure functions. Each of these structure functions 
is determined by different combinations of the longitudinal and transverse components of the 
electromagnetic current J^, thus providing different pieces of information about the hadron 
structure and the possible mechanisms of the reaction under consideration. The formalism 
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of the structure functions is especially convenient for the investigation of polarization phe- 
nomena. Similar formalism can be applied to the annihilation reactions for the time-like 
region of the virtual photon. 

Taking into account the conservation of the leptonic and hadronic electromagnetic 
currents, the matrix element of the p + p — )■ e+ + + 7r° reaction can be written as 

M = ee^J^ = ee ■ J, = -^j^, e = ^-j^k - e. (14) 

The structure of this matrix element has to be the same as for the e~-|-p— )■ e~+p + 7r 
reaction (electroproduction of pions on nucleon) because it is the crossed channel of the 
reaction ([1]). 

Let us use the approach, developed for the investigation of the polarization phenomena 
in the reaction of the electroproduction of pions on nucleon jo], for the case of the reaction 

©• 

Let us introduce, for convenience and to simplify the following calculations of the polar- 
ization observables, in the pp CMS system, the orthogonal system of basic unit vectors q, m 
and n which are built from the momenta of the particles participating in the reaction 

^k^kxp^^^ 

q = n = — , m = n X q. [lb) 

\k\ \k X p\ 

The unit vectors q and fh define the xz- reaction plane for the process p+p — )■ 7r + 7* and are 
directed along z and x axes, respectively. The unit vector n is perpendicular to the reaction 
plane and it is directed along the y axis. 

We get for the matrix element the following expression after converting from four- to 
two-component spinors: 

M = eiftiftFifu (16) 

where (pi{ip2) is the proton (antiproton) spinor, respectively and F is the reaction amplitude 
which can be chosen in different but equivalent forms. 

Being the crossed channel of the pion electroproduction on nucleon e + N^e + N + ir, 
the amplitude F, which describes the dynamics of the p+p — )■ 7*-|-7r° reaction, is determined 
in the general case by six independent amplitudes for the P-conserving hadronic interaction. 
In the analysis of the polarization phenomena, it is convenient to use the following general 
form for the amplitude F: 

F = e- m{fia ■m + f2a-q) + e- n{if3 + f^a ■n) + e- qif^a -171 + fea -q), (17) 



where i = 1 — 6 are the scalar amphtudes in the orthogonal basis which completely 
determine the reaction dynamics. These amplitudes contain information about the dynamics 
of the considered reaction and they depend on three independent kinematical variables, for 
example s = {pi + P2Y, (f and t = (pi — g)^. 

C. Hadronic tensor 

Let us consider the general properties of the hadronic tensor. Taking into account that 
the hadronic and leptonic tensors satisfy the following conditions: H^^q^ = H^yq^, = 0, 
L^v<l^^ = L^yq^, = (as a consequence of the hadronic and leptonic currents conservation) 
one can show that all polarization observables in the reaction ([1]) are determined by the 
space components of the hadronic tensor only. 

The hadronic tensor Hij = x,y,z) can be represented as a sum of terms which can 
be classified according to the polarization states of the proton-antiproton system, in the 
following way 

H,^ = H,^{0) + + + ^.,(^1, 6), (18) 

where the term Hij{0) corresponds to the case of the unpolarized proton-antiproton system, 
the term Hij{^i){Hij{^2)) corresponds to the case of polarized proton (antiproton) and the 
term Hij{C,i,^2) corresponds to the case when both initial particles are polarized. 

The general structure of the first term of the hadronic tensor in Eq. f[T8|) . which corre- 
sponds to unpolarized antiproton and proton, has the following form 

Hij{0) = aiqiqj + a2ninj + a^mirrij + ai^qirrij + qjirii) + ia^^qinij — qjirii). (19) 

The real structure functions i =1-5, depend on three variables, for example s, q^ and 
cos^ where 6 is the angle between the momenta of the antiproton and the virtual photon. 
Note that the structure function ^5, for the crossed (scattering) channel e-|-A^— J-e-l-A^-l-vr, 
is determined by the strong interaction effects of the final-state hadrons and vanishes for 
the pole diagrams contribution (the Born approximation) in all the kinematical range. In 
our case this structure function is non zero even in the Born approximation due to the fact 
that hadron form factors are complex here. This structure function gives contribution to 
the cross section only in the case of polarized leptons, where the lepton tensor contains an 
antisymmetric part. The structure functions are related to the reaction scalar amplitudes fi 
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8| . The expressions of these structure functions in terms of the scalar amphtudes are given 
in Appendix \M 

Let us consider the case when only one hadron is polarized in the initial state. Then the 
general structure of the polarized hadronic tensor can be written as 

Hiji^i) = ■ n(^(3iqiqj + f32mimj + /33ninj + /34{g, m}ij + if3ri[q, m]ij^ + 
+ii ■ n}ij + f37{m, n}ij + i/Jgfg, n]ij + if3g[m, n]ij^ + 

+fi ■ rh(^f3io{q,n}ij + /3ii{m,n}ij + i/3i2[q,n]ij + if3i3[m,n]ij^ , (20) 



— * 

where is the unit vector of the proton polarization and {a, b}ij = aibj + ajbi, [a, b] 



ttibj — ajbi. 



We denote as /3j the structure functions that determine the hadronic tensor Hij{^2), where 
^2 is the antiproton polarization unit vector, corresponding to the case when the antiproton 
is polarized. The structure of this hadronic tensor is similar to the case of polarized proton 
and is given by Eq. (120!) . under replacement /3i — )■ and — ^2- 

Therefore, the dependence of the polarization observables on the nucleon (or antinucleon) 
polarization is determined by 13 structure functions. The expressions of these structure 
functions in terms of the reaction scalar amplitudes are also given in Appendix |Al 

Let us consider the case when both initial particles are polarized. The general struc- 
ture of the hadronic tensor which describes the correlation of the nucleon and antinucleon 
polarizations can be written as 

Hiji^i, 6) = 6 ■ ^6 ■ mi^iqiqj + 'l2mimj + ^■iUirij + 74(5, m]ij + i'^^[q, m]i^ + 
ii ■ m(2 ■ q(l&qiqj + limiUij + 7871^^^ + 79{g, m]ij + 2710 [g, m]i^ + 

■ g6 ■ rh{^iiqiqj + 712^^771^ + 713^7^77^ + 7i4{g, m}ij + i7i5[g, m]i^ + 

■ ^6 ■ ni^i^qiqj + jninimj + jisniUj + Jwiq, m}ij + i'j2o[q, + 
^1 • 56 ■ q(l2iqiqj + l22mimj + -f23ninj + 724{g, + h25[q, + 

■ 777^2 ■ n(^726{g, n}ij + -f27{m, n}ij + i-f28[q, n]ij + i729["^, + 
• n^2 ■ m(^-f3o{q, n}ij + 731 {m, 77}^^- + 2732 [g, 77]^^- + 7733 [777, 77]^^^ + 

■ n^2 ■ q{l3i{q^ + 735{"^, n}ij + 7736^, n]ij + i'ysvim, n]ij^ + 

ii ■ qi2 ■ fi(-f38{q, n}ij + -f39{m, n}ij + 774o[g, n]ij + 7741(777, 77]^^), (21) 



— * — * 

where 1^1(1^2) is the nucleon (antinucleon) polarization unit vector. We see that the polar- 
ization observables, which are due to the correlation between the nucleon and antinucleon 
polarizations are determined by 41 structure functions 7^(2 = 1 — 41). Their expressions in 
terms of the reaction scalar amplitudes fi{i = 1 — 6) are given in Appendix [Bl 

Let us stress that the results listed above have a general nature and are not related to 
a particular reaction mechanism. They are valid for the one-photon-exchange mechanism 
assuming P-invariance of the hadron electromagnetic interaction. The general nature of these 
results follows from the fact that their derivation requires only the hadron electromagnetic 
current conservation and the spin one nature of the virtual photon. 



III. CROSS SECTION AND POLARIZATION OBSERVABLES 

Let us calculate the five-fold differential cross section and various polarization observables 
for different types of experiments. 



A. Unpolarized cross section 

Let us calculate the differential cross section of the reaction ([T]) for the case when all 
particles are unpolarized. It is necessary to calculate the components of the hadronic tensor 
Hij{0) which general form is given in Eq. ( fT9l) . One has 

H.M - H,M = -2^5- (22) 

The remaining components vanish. 

The general form of the differential cross section for the reaction p+p — ?■ e++e^+7r° in the 
case of unpolarized particles for the experimental conditions where the pion and the electron 
are detected in coincidence, can be written in terms of four independent contributions (the 
average over the spins of the initial particles is taken into account) 

A^S, S = ar + 6cos2(pap + eai + \/2£{l — e) cos (paj, 



dE-j^dQTrdQe 



= \fi\' + I/2P + l/sr + \h\', = 2^{\M' + \M'), 



= I/3P + I/4P - l/iP - I/2P, aj = -2^Re{hf* + hf*)r). (23) 



f 
ko 
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Note that the scalar amphtudes /i=i-4 are determined by the transverse components of the 
hadron electromagnetic current whereas f^, /e are related to the longitudinal part. The 
subscripts L and T indicate that the corresponding contributions are determined by the lon- 
gitudinal and transverse components of the electromagnetic current, respectively. The con- 
tribution (Tp((T/) is determined by the interference of the transverse-transverse (transverse- 
longitudinal) components of this current. For the annihilation channel, Eq. (l23ll is similar 
to the corresponding expression in the scattering channel for the reactions of the following 
type e + A^e + h + B (for example, e + N^e + TT + Nore + d^e + n + p) for an 
experimental setup where the scattered electron and the produced hadron h are detected in 
coincidence ^. 

Since the differential cross section depends on the azimuthal angle if one can define 
the following asymmetry (the so-called left-right asymmetry in the case of the scattering 
channel) 

^ ^ da{^ = 0°) - da{^ = 180°) ^ ^26(1 - e)aj 

d(T{ip = 0°) + da{(f = 180°) (Tt + e{aL + ap)' ^ ^ 

This asymmetry is determined by the interference of the reaction amplitudes which char- 
acterize the emission of the virtual photon with nonzero longitudinal and transverse po- 
larizations (note the subscript LT). In the annihilation channel, we show below that this 
asymmetry is proportional to sin 6. 



B. Longitudinally polarized electron 

The differential cross section for the case when the produced electron is longitudinally 
polarized can be written as 

d^a 1 d^a„,„. 



dE-j^dQ-j^dQe 2 dET^dQj^dQe 



[l + \A'^r), (25) 



where the asymmetry A'^^j, is determined as follows 

da{\ = 1) - d(r{\ = -1] 



a', = 2^Im(fJ- + foj;). (26) 

/Co 

Note that, due to the specific yj-dependence, this asymmetry has to be measured in non- 
coplanar geometry (out-of-plane kinematics). One can show that this asymmetry is also 
proportional to sin 9. 
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C. Longitudinally polarized electron and polarized proton target or polarized an- 
tiproton beam 



Let us consider the production of the longitudinally polarized electron in the annihilation 
reaction ([T]) where either the proton target or the antiproton beam are polarized. 

The part of the differential cross section which depends on the polarization of the proton 
target can be written as: 

lE^. - ll^^S' + l-^' + + + + + ^^')«-]- 

where , i = x,y, z, are the analyzing powers (or the asymmetries) due to the polarization 
of the proton target, and Tf, i = x,y, z, are the coefficients of the polarization transfer from 
the polarized proton to the produced electron. 

One can explicitly single out the dependence of the polarization observables and Tf 
on the azimuthal angle ip and parameter e and write the expressions for these observables 
as functions of the contributions of the longitudinal (L) and transverse (T) components of 
the hadronic current in the p + p — )■ 7* + 7r° reaction 

EAP = sin ^ [^26{1 - + e cos ^A^J^^^] , 

EAl = Af^^ + + V2£(l-£)cos¥.AP(^^) + ecos2^Af^\ 



EAl = sin (f 



ST^ = v/2e(l + e) cosy.T,^(^^) + Vl^T^^''^\ 



ETP = y/2eil + e) siny^T^^^^^), 

ETf = ^/2e{l + e) cos <^Tf(^^) + v^T^Tf , (28) 

where the individual contributions to the above polarization observables in terms of the 
structure functions /3j are given by 



2 



fco ^ fco 
TJ(^'^) = -2/397/, Tf(^'^) = 2/38^. (29) 
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The structure functions Pi describe the polarization phenomena for the case when the proton 
target is polarized. Similarly, the polarization effects for the case of polarized antiproton 
beam are described by the structure functions (3i,i = 1 — 13. Their expressions in terms of 
the reaction scalar amplitudes are given in Appendix |Bl 

The part of the differential cross section which depends on the polarization of the an- 
tiproton beam has the form given by Eq. f l27|) . where it is necessary to do the following 
substitution: — )■ ,^2, — ^ , and Tf — )■ Tf . The dependence of the polarization ob- 
servables and Tf on the azimuthal angle (f and parameter e is the same as in Eq. (!28l) . 
The expressions of the individual contributions A^^^'^'^^ and Tf^^''^\ MN = LL, LT, TT, are 
given in Eq. (l29l) . where it is necessary to do the substitution f3i f3i. 



D. Longitudinally polarized electron, polarized proton target and antiproton 
beam 

The part of the differential cross section which depends on the product of the polarizations 
of the proton target and antiproton beam can be written as 



[1 + {CxX + XCxx)^lX^2x + {Cyy + XCyy)^ly^2y + 



{Czz + XC zz)^lz^2z + {Cxy + XCxy)^lx^2y + {Cxz + XCxz)^lx^2z + 
{Cyx + XCyx)^lyi2x + 

{Cyz + XCyz)^ly^2z + {Czx + XC zx)^lz^2x + 

{Czy + XC zy)ilzi2y\ ; (30) 



where Cjj, j = x, are the double spin correlation coefficients and Cij i,j = x, y, z, are 
the triple spin coefficients describing the dependence of the longitudinal polarization of the 
electron on the polarization state of the polarized initial particles. 

One can exphcitly single out the dependence of the polarization observables Cij and Cij 
on the azimuthal angle if and parameter e and write the expressions for these observables 
as functions of the contributions of the longitudinal (L) and transverse (T) components of 
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the hadronic current in the p + p — >■ 7* + 7r° reaction as: 



^-^^ XX 


XX ' XX ' V V / 


cos ^Ci^J^ + e cos 2(13^1.!;^) , 


\ ^ /' f 


^Cly > + eC^y > + V2£(l - e) 


COS </70^y + £ COS 2ipC^y ' , 




= Ci7^ + eCi^^^ + V2e{l - e) 


cosipCif^ +ecos2ipCil^\ 






cos^Cif^+ecos2<pCg^\ 


Z^^zx 




cos ifiCif ^ +ecos2ifCg'^\ 




= sin (f [e cos (fC^Jy'^'^ + y^2e{l- 






= sin ^ [e cos ^C^l'^^ + y/2e{l - 




YlCyz 


= sin (fi [e cos ipC^^'^^ + y/2e{l - 






= sin ip [e cos ^Ci^^^ + ^^26(1 - 






^^y2e{l + e)sm^Ci^J\ECyy 


= V2£(l + £)sin(^C'(f), 


^Czz 


^ y/2eil + e)smipCif\j:Cxy 


= Vl-£^a^7^ + V2£(l + £)cos^(7(f), 


YjCyx 




YlCyz 


^Vl-e'C^'z'> + V2e{l + e)cos^C^yf\ 


HCzy 


= Vl - e^C^''^ + V26(l + e) cosc/pCif ), 


'^Cxz 


= V2£(l + £)sin99C'(f), 


= V2e(l + £)sin99Cif), 



where the individual contributions to the above polarization observables in terms of the 
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structure functions 7^ are given by 

= 2(72 + 73), = 2(73 - 72), Cg'^ = 471 1^, Cif^ = - 

= 2(717 + 718), C^r^ = 2(718 - 717), C(f ) = 4716^ 



yy 

'^xz 



n(TT) 

xy 



47477- 



/g2 



^ /lb , 2 ' ^vv 

'0 



p' ^yy - -4719^- 



= 2(722 + 723), Cf/^ = 2(723 - 722), ) = 4721 fj, Cif ) = -4724r/- 



= 2(77 + 78), = 2(78 - 77), Cg'^ = 476|^, C7(f ^ = -479^^, 

ko ko 

= 2(712 + 713), Cir^ = 2(713 - 712), Cg/^ = 4711^, Cif ) = -47i4r/^, 
= -8727, C7(f ) = -4726^]^, Cir' = -8731, C^if ) = - 



■47307]- 



c^7^ = -8735, c^if ) = -4734 



/g2 



ko ' 



= -475^, C(f ) = -4720^, Cif) = - 



^ , - 4725 



■8739,C^if) = -4738r/Y^ 

7 



■Co 



ko 



= -4729^/, Cg/^ = 4728^, C^r^ = -4733^/, Cjf ) = 4732^ 



Cjr) = -4737^7, C(f ) = 4736^, Cg/^ = -474ir7, 



^ir= 474o^,C^r^ = 



-47: 



'10 



/g^ 



, , - -4715-^ 



(32) 

fbo ft'O 

Note that the expressions for the structure functions % in terms of the reaction scalar 
amphtudes fi have a general nature, not depending on the reaction mechanism. 

At this stage, the general model-independent analysis of the polarization observables i 
the reaction ([T]) is completed. To proceed further in the calculation of the observables, 
needs a model for the reaction mechanism. 



m 

one 



IV. BORN APPROXIMATION 

The numerical estimation of the differential cross section and the polarization observables 
depends on the model that has been chosen to describe the » -|- n — > vr -|- 7* reaction. For 

n 

the present calculation of the matrix element, let us use the approach of Ref. which is 
based on the Compton-like Feynman amplitudes (the Born approximation). The Feynman 
diagrams for this reaction are shown in Figs. 1(a) and 1(b) for lepton pair emission from the 
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(a) 



^^^^ e^Ck,) 
(b) 



Fig. 1. Feynman diagram for p+p — )• +e +7r'' (a) for lepton pair emission from the antiproton 
and (b) from the proton. 

proton and from the antiproton, respectively. The interest of these diagrams is that they 
contain the 'y*pp^*'^ vertex, allowing to access nucleon form factors in the 'unphysical region' 
of the transferred momentum, below the physical threshold. 

As previously discussed in Refs. 4, ISl], one of the hadrons involved in the electromagnetic 
vertices is virtual and, rigorously speaking, the involved form factors should be modified 
by taking into account ofF-mass-shell effects. However, we use the standard expression for 
the nucleon electromagnetic current involving on-mass- shell nucleons, keeping in mind that 
the comparison with the future data will be meaningful in the kinematical region where the 
virtuality is small. 

We use the following expression for the nucleon electromagnetic current which involves 
the Dirac Fi{q'^) and Pauli F2{q'^) form factors 

< N{p2)\T,{q^)\N{p,) >= n(p2)[Fi(g')7M + ^Fiiq'm, " l.qMPi), (33) 

where q is the four-momentum of the virtual photon. The nucleon form factors in the 
kinematical region of interest for the present work are largely unexplored complex functions. 

Let us write the hadronic current corresponding to the two Feynman diagrams of Fig. [1] 
as follows [4] 



= ¥^tiln)u{-pi)0^u{p2). 

Here is the pion wave function. Using the Feynman rules we can write 



Cm = f r^(g)(g ~Pi + M)75 + f 75(P2 - q + M)F^(g), 



(34) 



(35) 
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where di = q'^ — 2q ■ pi,i = 1,2, g is the couphng constant describing the pion-nucleon vertex 
71 NN*, {N* is the off- mass-shell nucleon). The possible off-mass- shell effects of this coupling 
constant are neglected. Note that the hadronic current (IMI) is conserved, g^J^ = 0. 

Let us write the matrix element in the proton- antiproton CMS. We obtain the following 
expression for the amplitude F 



F = Qie- ka ■ k + g2e- ka ■ p + g^e- pa ■ k + g^e- pa ■ p + g^a ■ e + igee- {k x p), (36) 



where gi 



6, are the scalar amplitudes in a nonorthogonal basis. The previous 



structure of the matrix element fl36|) arises naturally in the transition from four- to two- 
component spinors and it is also a general expression that does not depend on the details of 
the reaction mechanism. In the case of the Born approximation, according to the Feynman 
diagrams in Fig. [1], the scalar amplitudes have the following form: 



~ P Ul 



9i 



2<7 



di 



1 

d'2 
1 

C?2 



.9 



2" ( ^ 1 

p \di d2 



2EFi{q^) + [ko + -j^pcose ) ^2(^2^ 

M p 

{2E - ko)F,{q^) + ^pcoseF2{q') 



,r = -2,M.cos^ (1 + 1) G.,iq%g^ = 2g^ (1 + 1 



(37) 



where GM{,q^) = Fi{q^) + F2{q^), k (p) is the magnitude of the virtual photon (antipro- 
ton) three-momentum, and fco {E) is the energy of the virtual photon (antiproton). These 
quantities are expressed in the reaction CMS as 

1 



E = ^, ko = 

2 ' " 2v^ 



s + q^ 



P 



E' 



M\ e = kl - g2 



(38) 



where m.,^ is the pion mass. 

The scalar amplitudes in an orthogonal basis, which are used for the analysis of the 
polarization effects in the reaction ([T]) can be related to the scalar amplitudes gi through 
the following relations 



/i = p^ sin^ Og^ + g^, f2=P sin 9{kg3 + p cos Og^), /g = kp sin OgQ 



(39) 



h = 95, /s =psme{kg2 +pcos6gi), fe = k^gi + g^ +pcos9{kg2 + kg^ + p cos 9 g a). 
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V. NUMERICAL RESULTS 



In a high luminosity experiment and with a detector with good efficiency and acceptance, 
in particular at forward and backward angles, a precise angular distribution of the scattered 
electron can be measured. 



Assuming the reaction mechanism suggested in Ref. j4|, we illustrate in this section the 



angular dependence o 
in the previous work 



different observables, for similar kinematical conditions as considered 



The form factors parametrization is based on VMD model of Ref. 
10(, and follows Ref. [11 1. 

For a value of the total energy squared s=5.5 GeV^, three values of the momentum 
transfer squared are considered: = 0.5, 2 and 4 GeV^. 

For theses values of s and g^, in Fig. [21 the moduli squared of the amplitudes are shown 
as functions of cos^. The amplitudes have a characteristic angular dependence and decrease 
when the transferred momentum increases. They are of the same order of magnitude, except 
l/sp which is ten times smaller. The amplitudes I/4P, I/5P and l/gp vanish for cos6'=0. 

For a simple illustration of the present results we chose to fix two more variables, 61 = 5° 
and (fi = 45°, and show the dependence of the variables as functions of cos^. 

The reduced cross section, S and its four contributions, Eq. ([23]), are shown in Fig. 
[3l As expected, the largest contribution to the cross section is given by the transversal 
component, o"t, which is the incoherent sum of four amplitudes. The reduced cross section 
takes its maximum value for backward and forward scattering, in the considered kinematics. 

In Fig. [U the angular asymmetry, Eq. ( l24l) . is illustrated as function of cos^. It is an 
even function of cos^, vanishing at forward and backward angles, and decreases when 
increases. The single spin asymmetry, Eq. f l2B]) . vanishes in Born approximation. 

The analyzing powers due to the polarization of the proton target Af, i = x,y, z, and the 
coefficients of the polarization transfer from the polarized proton to the produced electron 
T[,i = x,y,z, (Eq. ( 128|) ) are illustrated in Fig. [5] (same notations as Fig. [1]). 

The double spin correlation coefficients Cij i,j = x,y,z, , Eq. f l?I]) . when both initial 
particles are polarized, are shown in Fig. [6] 

One can see from Figs. [U [5] and [6] that polarization observables are generally large and 
show a characteristic dependence on angles and momentum transfer squared. They are 
generally larger at smaller q"^ values. The comparison with future experimental data will 
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Fig. 2. (Color online) Moduli squared of the amplitudes /«, i=l-6, as function of cos 6* for the 
reaction p + p — )• +e~ +vr'^, for s=5.5 GeV^ and three values of the momentum transfer squared: 

= 0.5 GeV^, q'^ =2 GeV^ and = 4 GeV^ from top to bottom, with the fohowing notations: 
(solid line, black), (dashed line, red), I/3P (dotted line, green), I/4P (dash-dotted line, blue), 
l/sp (large dash-dotted line, yellow), l/gp (dash-triple dotted line, magenta). 

allow to confirm or infirm the validity of the considered model. 

VI. CONCLUSIONS 

Model independent expressions for the five-fold cross section and polarization observables 
have been derived for the reaction p+p — )■ + + tt^ , when the annihilation occurs through 
the one-photon exchange mechanism. 

It has been shown that this reaction is completely described by a set of six amplitudes 
(in general complex) which are functions of three kinematical variables. 

The expressions of the cross section, of the angular (out-of-plane) asymmetry and of 
single and double spin observables have been derived in terms of the relevant amplitudes, in 
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Fig. 3. (Color online) Reduced cross section S ( solid line, black) as function of cos 6 from Eq. (j23p 
for the reaction p + p — ?• + e~ + vr*^, at s=5.5 GeV^, 0i = 5° and if = 45° for three values of the 
momentum transfer squared: = 0.5 GeV^, =2 GeV^ and = 4 GeV^ from top to bottom. 
The individual contributions to the reduced cross section are also reported: or (large dash triple 
dotted line, magenta), ctl (dashed line, red), ap (dotted line, green), aj (dash-dotted line, blue). 



a general formalism, which holds for any model of the proton and for any reaction mechanism. 







The numerical application has been done following the model of Ref . j4| , which is based 
on t- and u- channel exchange diagrams, i.e. those diagrams which allow, in principle, to 
access hadron form factors in the time-like region under the physical threshold. 

The results show large and measurable values of the observables, including an angular 
asymmetry, which is measurable with out-of-plane measurements in unpolarized particle 
reactions. 
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Fig. 4. (Color online) Angular asymmetry (Eq. (j24p ) as function of cos9 for the reaction p + p ^ 
+ e~ + vr'', for s=5.5 GeV^ and three values of the momentum transfer squared: = 0.5 
GeV^ (black sohd hue), =2 GeV^ (dashed red hue) and = 4 GeV^ (green dotted hue). 
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Appendix A: Helicity and scalar amplitudes 

In this Appendix the helicity amplitudes and their relation with the reaction scalar am- 
plitudes are given. 

Let us define the helicity amplitudes as follows 



where A and Ai(A2) are the helicities of the virtual photon and antiproton (proton). Using 
the expressions for the helicity states of the corresponding particles one obtains the following 
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Fig. 5. (Color online) Same notations as in Fig. HI for the following polarization observables, from 
left to right, from top to bottom : A^^, A^, Al, T^, T^, Tf. 



relations between the heUcity amplitudes and reaction scalar amplitudes 



hi = Ml^ 
hs = Ml. 



-le- 



[sine h + cose f,), h2 = M[ 



-le- 



cos 6^/5 + smeU), 



le 
ie 



[sinefi + cose f^ + f-s), h, = M^_ 



It 

7! 



;sin 6'/i + cos 6* /a - h 



h = M+_ = _(-cos^/i + sin 0/2 + U), 



le 



h, = = ^{cosefi - smeh + h), 



(A.2) 



where A = ±, means that the virtual photon helicity is ±1,0, respectively, and index 
Ai = ±(A2 = ±) means that the antiproton (proton) helicity is ±l/2(±l/2). The remaining 
helicity amplitudes are not independent and they can be obtained from the relation 



A+A2-A1 A 



Ai— A2 ■ 



(A.3) 
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Fig. 6. (Color online) Same as in Fig. HI for the following polarization observables from left to 
right, from top to bottom : CL, Cyy, Czz, Cxz, Czx, Cxy, Cyx, Cyz, Cly. 

We present also the inverse relation, i.e., the expressions of the reaction scalar amplitudes 
in terms of the helicity amplitudes. They are 

fi = — --^[sin6'(/i3 + /14) - cos6'(/i5 - ha)], /2 = — -^[cos 6'(/i3 + /i4) + sin6'(/i5 - Hq)], 

/a = -=(/i3 - /i4), /4 = -=(/i5 + /i6),/5 = — ^(sin6'/ii - cos6'/i2), 

ev2 ev2 eyT 

U = (cos ehi + smeh2). (A.4) 



Appendix B: Structure functions and scalar amplitudes 

In this Appendix the explicit expressions for the structure functions (i = 1 — 5), /Sj 
[i = 1 — 13) and 7j (i = 1 — 41) are given in terms of the orthogonal scalar amplitudes fi 
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{i — 1 — 6) which determine the p + p — > tt + 7* reaction. 

The structure functions ai {i — 1 — 5), describing the hadronic tensor in the case of the 
unpolarized proton and antiproton, can be written as 

a, = 2Re{fj; + ^/e*), a, = -27m(/i/* + Me*). (B.l) 

The expressions for the structure functions = 1 — 13), describing the hadronic tensor in 
the case when only proton is polarized, are 

A - -2Imhfl = -2Imfj;, ^3 = -2Imfsfl Pa = Im{hn - fife), 
/35 = Re{f2f; - /i/e), /36 = -Im{M; + fj^), ^7 = ImUifl + /s/s), 

^8 = -i?e(/3/6* + A/s), /39 = -i?e(/i/: + /2/3), = /m(/4/6* - /3/5*), 



= /rn(/i/3* - /2/:), A2 = i?e(/4/* - /s/s*), As = it:e(/2/; - /1/3*). (B.2) 

The expressions for the structure functions 7^ (i = 1 — 41), describing the hadronic tensor 
in the case when both the proton and antiproton are polarized (spin correlations), are 



71 = 




-^(l/iP-|/2p), 73 = - 


^(i/3p-i/4r), 


74 = 


-^i?e(/i/5*-/2/6*),75 = 


-i7m(/2/6*-/l/5*),76= 


-Ref.fh 77 = -Refifh 


78 = 


Rehfl^, = ~Re{hf; 


+ /2/5),7lO = ^M/i/*- 


U2f;), 


711 = 


-Refbfh 712 = --Re/1/2, 713 = --Re/3/4*, 714 = - 


^Re(fj; + f,f*), 


7l5 = 


^/m(/i/* + /2/5*), 716 = 


^(|/5r+|/6r), 717 = ^ 


(i/ir+i/2r), 


7l8 = 


-^(i/3r+i/4r), 719 = 


^i?e(/i/* + /2/*), 720 = 


^M/5/r + /6/2*), 


721 = 


\ (IM' - l/er) , 722 = ^ 


(i/ir-i/2r), 723 = -^ 


(1/3^-1/4^), 


724 = 


^i?e(/i/*-/2/6*),725 = ; 


\lm{hfl - /6/2*)> 726 = - 


-^^e(/4/5* + /3/6), 


727 = 


-^i?e(/i/4* + /2/3*),728 = 


= ^M/4/5 +/3/6), 729 = 


.-^/m(/i/4* + /2/3*). 


730 = 


-^^e(/4/5*-/3/6),731 = 


= -^i?e(/i/:-/2/3*), 732 


= -^M/3/6-/4/5), 


733 = 


-^M/1/4*- 72/3), 734 = 


— ^i?e(/4/6* + /3/5*), 735 


= -^i?e(/i/3* + /2/4*). 


736 = 


^M/3/5 +/4/6*),737 = 


-^/m(/i/3* + /2/4*), 738 = 


= —Reifj; - f3f;), 


739 = 


-^i?e(/2/4*-/i/3*),740 - 


= -^M/3/5-/4/6), 741 


= -^M/2/;-/i/3*)- (B.3) 
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The structure of the hadronic tensor describing the polarization of the antiproton is the 
same as for the case of polarized proton. Let us designate these structure functions as /3i 
and their expressions in terms of the scalar amplitudes are 

/3i = -2Imhfl h = -2Imfj;, ^3 = 2ImM:, ^4 = Im{f,f; - A/*), 
^ = Re{f2f; - /i/e ), ^6 = Imifsf; - fj;), ^7 = Im{fj: - M^), 

= Re{hn - urn. ^9 = Re{f2f; - /i/;), = im{uf; + hn), 

= -/m(/i/3* + Ml), hi = Re{Uf; + /s/s), Bv, = Re{f2fl + /1/3), 
which differ from Eq. (1B.2P mainly by signs. 
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